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Pt–Pd/γ-Al2O3The purpose of this study is to provide insights on the function of noblemetals, namely Pt–Pd catalytic system, on
the hydrodesulfurization (HDS) of alkyl-substituted dibenzothiophenes (a-DBTs) by means of kinetic modeling
and contribution analyses. A series of Pt–Pd systems (1% wt. nominal loading) supported on γ-Al2O3 (0–100,
20–80, 50–50, 80–20 and 100–0; %mol Pt–%mol Pd) are synthesized and evaluated during the HDS of 4,6-
dimethyldibenzothiophene (4,6-DMDBT) at operating conditions relevant for industry: 320 °C, 500 ppm of S
and an H2 pressure of 5.5 MPa. A summary of their characterization is presented as reference herein. Kinetic
model based on a Langmuir–Hinshelwood–Hougen–Watson (LHHW) mechanism and contribution analysis
based on predicted reaction rates give rise to the following findings: the bimetallic catalyst 8Pt–2Pd/γ-Al2O3
(80–20; %mol Pt–%mol Pd) leads to the highest activity; in all Pt–Pd/γ-Al2O3 systems, Pt favors desulfurization
reactions, i.e., 4,6-DMDBT to 3,3′-dimethylphenyl (3,3′-DMBP) and 4,6-dimethyltetrahydrodibenzothiophene
(4,6-DM-th-DBT) to MCHT, whereas Pd favors hydrogenation of 4,6-DMDBT to 4,6-DM-th-DBT; and 4,6-
DMDBT and methylcyclohexyltoluene (MCHT) are the hydrocarbons with the lowest and highest affinity to be
adsorbed on the active sites from the studied Pt–Pd/γ-Al2O3 systems, respectively.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Environmental law for SOx emission demands reduction of sulfur in
transportation fuels. Although the permissive amount of sulfur in diesel
amounts to 15 ppm, it is expected to be less than 5 ppm in 2020 [1,2].
Catalytic deep hydrodesulfurization (HDS) is one of the processes
used to cope with this environmental regulation [3–6]. Sulfurized
CoMo/γ-Al2O3 and/or NiMo/γ-Al2O3 catalysts are used currently in
deep HDS processes [4,7,8]; a complete review of these types of
catalysts is presented elsewhere [9–14]. Nevertheless, current catalysts
are not sufficiently selective and active to desulfurize alkyl-substitutedhydrogenation; DDS, direct
hiophenes; 4,6-DMDBT, 4,6-
yltetrahydrodibenzothiophene;
ltoluene; TCD, thermal conduc-
romatograph; MS, mass spec-
-TEM, high-resolution electron
gmuir–Hinshelwood–Hougen–
determining steps.
aiza).dibenzothiophenes (a-DBTs) that are recognized to be among the less
reactive molecules in treated fuels [2,10,15]. Therefore, both academia
and industry are focused on developing more selective and active
catalysts for deep HDS of a-DBTs in order to accomplish with the afore-
mentioned sulfur environmental statute [7,16,17].
Particularly, 4,6-DMDBT is used as themainmodel molecule inmost
HDS studies since their methyl groups provoke a steric effect that does
not favor total desulfurization. Mechanistically, it is well-known that
4,6-DMDBT is desulfurized by either a hydrogenation (HYD) route or a
direct desulfurization (DDS) route [4,18]. A group of researches [15,
19–25] proposed that 4,6-DMDBT is adsorbed following π and σ
adsorptions: in the former, the aromatic ring of the 4,6-DMDBT is
adsorbed on the active site, whereas in the latter the sulfur heteroatom
is the one being adsorbed on. It suggests that HYD route involves both π
and σ adsorptions while the DSD route involves only σ adsorption. Ho
[26] and Prins et al. [15] elucidated that 4,6-DMDBT is kinetically
desulfurized through HYD route even at elevated reaction tempera-
tures. Baldovino-Medrano et al. [27] and Chen et al. [28] suggested
that the desulfurization of 4,6-DMDBT on noble metals based catalysts
is similar for HYD and DDS routes, observing that both routes compete
kinetically even when the catalyst active phase contains noble metals.
Meriño et al. [23] evaluated bimetallic catalysts based on noble
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HDS of dibenzothiophene (DBT), elucidating that the noble metal
has a noticeable influence on the reducibility of the sulfide molybde-
num phase, favoring the catalytic activity. Yoshimura et al. [29] eval-
uated monometallic and bimetallic catalysts based on Pd/γ-Al2O3,
Pt/γ-Al2O3, Ru/γ-Al2O3 and Rh/γ-Al2O3 systems during the HDS of
4,6-DMDBT. The highest activity was obtained from the bimetallic
Pt–Pd/γ-Al2O3 system, favoring HYD route rather than DDS route,
which was, only, related to the synergy of the Pt–Pd hydrogenation
properties. Niquille-Röthlisberger and Prins [30] studied Pt/γ-
Al2O3, Pd/γ-Al2O3, and Pt–Pd/γ-Al2O3 during the HDS of DBT and
4,6-DMDBT. The bimetallic Pt–Pd system presented the highest ac-
tivity, which was related to a chemical synergism and the alloy be-
tween these noble metals. Jiang et al. [31], Yoshimura et al. [22]
and Chen et al. [28] observed that Pd in a Pt–Pd/γ-Al2O3 catalyst
leads to inhibit Pt agglomeration on the catalyst surface, increasing
its hydrogenation activity and its resistance to be deactivated by sur-
face sulfur. Baldovino-Medrano et al. [24] evaluated a silica–alumina
supported Pt–Pd catalyst, observing that this bimetallic catalyst is
highly active in dibenzothiophene hydrodesulfurization with prefer-
ential selectivity to HYD route. Núñez et al. [32] realized oxide-
reduction studies for Pt–Pd/TiO2 and Pt–Pd/γ-Al2O3–TiO2 catalytic
systems during the hydrogenation of biphenyl and the HDS of 4,6-
DMDBT. Their main results confirmed that the support modifies the
physicochemical properties of the Pt–Pd system, i.e., dispersion,
acidity, reduction of the active phase, among others. Particularly,
the bimetallic Pt–Pd/γ-Al2O3 presented the highest activity, relatedTable 1
Catalysts' nomenclature and composition considering that noble metal content was 1% wt. nom
Catalyst/nomenclature Pt
Pt/γ-Al2O3 10
8Pt–2Pd/γ-Al2O3 8
5Pt–5Pd/γ-Al2O3 5
2Pt–8Pd/γ-Al2O3 2
Pd/γ-Al2O3to a synergetic effect due to an adequacy dispersion of Pd on Pt and
to the electronic interaction and the alloy between these noble
metals.
Most of the studies realized for Pt–Pd catalytic systems have propor-
tioned information on their catalyst performance during theHDS of DBT
and a-DBTs, allowing to relate some electronic and superficial proper-
ties to their activity and selectivity to HYD and DDS routes. Moreover,
there remain some kinetic uncertainties regarding the role of Pt and/
or Pd on hydrogenation and desulfurization reactions from HYD route
and desulfurization from DDS route. To the best of our knowledge,
there are no kinetic studies based on modeling trying to elucidate the
role of noble metals during HDS of a-DBTs. As such, the main purpose
of this work is to obtain information from a kinetic model of the Pt–Pd
system during the HDS of 4,6-DMDBT at operating conditions relevant
for industry. Specifically, a series of Pt–Pd/γ-Al2O3 (0–100, 20–80,
50–50, 80–20 and 100–0; %mol Pt–%mol Pd) materials are synthesized
and a summary of their characterizations obtained from a previous
paper [32] is presented as a reference to have a better understanding
of the studied catalytic materials. A kinetic model accounting for HYD
and DDS routes is developed following Langmuir–Hinshelwood–
Hougen–Watson (LHHW) formalism. Themodel is validated evaluating
its phenomenological and statistical reliability. Finally, an analysis of
kinetic and adsorption parameters along with a contribution analysis
based on the predicted reaction rates is considered to elucidate the ki-
netic role of monometallic and bimetallic Pt/γ-Al2O3, Pt/γ-Al2O3 and
Pt–Pd/γ-Al2O3 catalytic materials on hydrogenation and desulfurization
reaction steps.2. Procedures
2.1. Catalyst
The catalyst support,γ-Al2O3, was synthetized by a low-temperature sol–gelmethod described elsewhere [32]. Nominalmolar ratios utilized dur-
ing support synthesis were 65:20:0.2:1 for alcohol:water:acid:alkoxide, respectively. Aluminum tri-sec-butoxide (Aldrich) and HNO3 (Baker) were
used as organic precursor and hydrolysis catalyst, respectively. Particularly, the alkoxidewasmixed togetherwith 2-propanol under vigorous stirring.
The obtained alcogel wasmaintained inmaturation for a 24 h period, followed by vacuumdrying at a controlled room temperature. Finally, dried gels
were held at 120 °C for 1 h, 300 °C for 1 h and then calcined at 500 °C for 2 h.
Supported noble metal materials were synthetized by pore-filling impregnation technique. Noble metal contents was 1% wt. nominal loading.
Hexachloroplatinic acid [H2PtCl6·6H2O] (Aldrich) and palladiumnitrate hydrate [Pd(NO3)2·H2O] (Aldrich) in aqueous solutionwere used as precur-
sors. For the case of bimetallic material synthesis, a simultaneous impregnation is carried out. Impregnated solids were dried at 120 °C for 4 h, and
annealed at 400 °C for 4 h under static air, wherein the heating rampwas of 1 °C min−1. Finally, calcinedmaterials were reduced at 350 °C under H2
flow (Praxair, 60 mL min−1, 1 h). Nomenclature used for various catalysts studied in this work is shown in Table 1.
2.1.1. Catalyst properties
As reference for the present kinetic study, characterization results of Pt/γ-Al2O3, Pd/γ-Al2O3 and Pt–Pd/γ-Al2O3 systems obtained by our research
group elsewhere [32] are summarized as follows:
(a) γ-Al2O3 is a mesoporous material with a superficial area of 374 m2·g−1, presenting an average pore volume of 0.91 cm3·g−1 and an average
particle diameter of 9.7 nm.
(b) γ-Al2O3 is a microcrystalline material with an average particle size in the 3–5 nm range corresponding to aggregated microcrystals.
(c) γ-Al2O3 contains essentially Lewis acidity with moderate strength (temperature of desorption ~ 200 °C). The presence of Pt and Pd on the γ-
Al2O3 has an insignificant effect on textural properties and on the acidity of the γ-Al2O3.
(d) γ-Al2O3 is not reduced as bimetallic Pt–Pd/γ-Al2O3 systems whose reduction is a function of the noble metal composition.
(e) Pt/γ-Al2O3 presents oxidic Pt particles with a stronger interaction with the support. Pd/γ-Al2O3 reports a decomposition of formed palladium
hydride (PdbH) species, suggesting that there is presence of poorly dispersed Pd particles with poor interactions to support. Pd in 8Pt–2Pd/γ-inal loading.
(% mol) Pd (% mol)
0 0
0 20
0 50
0 80
0 100
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action between alloyed Pt and Pd. Besides, Pd in 2Pt–8Pd/γ-Al2O3 causes a phase segregation between Pd and Pt on the support.
(f) The metal dispersion for the studied catalytic materials is: 65% in Pt/γ-Al2O3; 53% in 8Pt–2Pd/γ-Al2O3; 38% in 5Pt–5Pd/γ-Al2O3; 35% in 2Pt–
8Pd/γ-Al2O3; and 30% in Pd/γ-Al2O32.2. Evaluation
Catalytic systems based on Pt/γ-Al2O3, Pd/γ-Al2O3 and Pt–Pd/γ-Al2O3 are evaluated in kinetic control regime during the HDS of 4,6-DMDBT in a
450mL stirred batch reactor (Parr 4842) at operating conditions of 320 °C, 5.5 MPa and 1200 rpm (126 rad s−1) mixing speed. The reaction mixture
contains 0.2 g of catalyst (materials ex situ reduced at 350 °C under H2 flow, 60 mL min−1) and 0.2 g of 4,6-DMDBT dissolved in 100 mL of n-
dodecane. The runs typically lasted 8 h. Reaction products are analyzed qualitatively by GC–MS (Agilent Technologies 6890N) and quantitatively
in a gas chromatograph (GC-FID, Perkin-Elmer Auto System XL) equipped with flame ionization detector and capillary column (5% phenyl–95%
methylpolysiloxane, Econo-Cap-5, from Alltech).
2.3. Kinetic model
2.3.1. Reaction scheme
A reaction scheme (see Fig. 1) based on our observations (see Fig. 2 in Section 3.1), and being in agreement with several other investigations [17,
33] is used to describe theHDS of 4,6-DMDBT on Pt–Pd/γ-Al2O3 catalytic systems. In this reaction schemeHDS of 4,6-DMDBT follows thewell-known
two HYD and DDS reaction pathways. Methylcyclohexyltoluene (MCHT) and 4,6-dimethyltetrahydrodibenzothiophene (4,6-DM-th-DBT) are all by-
products for the HYD route and 3,3′-dimethylphenyl (3,3′-DMBP) without further hydrogenation is the only by-product for the DDS route.Fig. 1. Reaction scheme for the HDS of 4,6-DMDBT.2.3.2. Model
It is well known that in the HDS of 4,6-DMDBT, HYD is the preferred reaction pathway, as opposed to DDS because of steric effect caused by the
methyl groups in 4,6-DMDBT. Nevertheless, there remain some kinetic uncertainties regarding the role of Pt and/or Pd on hydrogenation and desul-
furization reactions from HYD route and desulfurization from DDS route. In this regard, a kinetic model for the HDS of 4,6-DMDBT based on LHHW
formalism and pseudo-equilibrium approach is developed to obtain information on the role of Pt/γ-Al2O3, Pd/γ-Al2O3 and Pt–Pd/γ-Al2O3 systems on
HYD and DDS routes. The kinetic model for the HDS of 4,6-DMDBT on Pt–Pd/γ-Al2O3 system is based on the analysis and results obtained from else-
where [17], namely hydrocarbons are adsorbed on one type of active sites, which are formed by the presence of coordinatively unsaturated sites
(CUS) located at the edges of the catalyst structure, whereas H2 and H2S are adsorbed on another type of sites considering the well-known dissoci-
ation of H2S to H and HS. The reliability of the model proposed in this study is evaluated by means of statistical and phenomenological tests as
presented later in the text. The reactionmechanism for theHDSof 4,6-DMDBT is presented in Table 2.Molecules such asH, HS andH2S are considered
to be adsorbed on β sites (steps b and f), whereas hydrocarbons such as 4,6-DMDBT, MCHT, 4,6-DM-th-DBT, and 3,3′-DMBP are considered to be
adsorbed on σ sites (steps a and c–e). HYD reactions (steps 2 and 3) and DDS reactions (step 1) take place between adsorbed hydrocarbon and
adsorbed hydrogen. In Table 2 νi is the stoichiometric number in a catalytic cycle describing the reaction route for an overall reaction. Thus, this stoi-
chiometric coefficient indicates the number of times that every adsorption–desorption and/or reaction step has to occur for overall reactions (RG1–
167C.O. Castillo-Araiza et al. / Fuel Processing Technology 132 (2015) 164–172RG3) to take place. Moreover, this stoichiometric number, known as Horiuti number, gives some information about the importance of every
adsorption or reaction step (a–f, 1–3) in the catalytic route, i.e., the adsorption ofmolecular H2 on β sites (step b) is crucial to both reaction pathways
(HYD and DDS) to take place on the catalytic surface.
The kineticmodel used to describe the kinetics of HDS of 4,6-DMDBTon Pt–Pd systems supported onγ-Al2O3makes use of Table 2 and is based on
the following assumptions:
• Based on experimental studies [34], the presence of intraparticle and interparticlemass transport resistances is negligible, allowing to elucidate the
intrinsic kinetics of the catalytic materials evaluated on the routes of HYD and DSD.
• The approximation of pseudo-equilibrium is applied on all steps of adsorption and desorption (a–f). Thus, the mechanism steps accounting for
transformations (1–3) are considered as the rate determining steps. Reactions (1–3) are not elementary since they lump intermediate reaction
steps that are considered fast enough to be grouped [35].
• Thermodynamics of the global reactions (RG1–RG3) allows considering reaction steps (1–3) as irreversible.
• Pressure of H2 in gas phase is in excess, and therefore sites β and the concentration of H2 do not appear in the kinetic model since they are lumped
into the kinetic constant of the corresponding reaction rate as discussed elsewhere [17].
• Since themain aim of this study is to relate the kinetic role of a series of Pt/γ-Al2O3, Pd/γ-Al2O3 and Pt–Pd/γ-Al2O3 systems on HYD and DDS routes
during the HDS of 4,6-DMDBT, the heats of adsorption and activation energies are not analyzed here, but they need to be accounted for in future
studies wherein experiments at different temperatures are mandatory.Based on the aforementioned, the kinetic model can be written as follows:
r1 ¼ k1C4;6DMDBTθσ ð1Þ
r2 ¼ k2C4;6DMDBTθσ ð2Þ
r3 ¼ k3C4;6DM−th−DBTθσ ð3Þ
θσ ¼ 1−θ4;6DMDBT−θ3;30DMBP−θ4;6DM−th−DBT−θMCHT ð4Þ
where the fractions of intermediate species on active phase (σ) involved during the reaction are given as:
θ4;6DMDBT ¼
K4;6DMDBTC4;6DMDBT
1þ K4;6DMDBTC4;6DMDBT þ K3;30DMBPC3;30DMBP þ K4;6DM−th−DBTC4;6DM−th−DBT þ KMCHTCMCHT
ð5Þ
θ3;30DMBP ¼
K3;30DMBPC3;30DMBP
1þ K4;6DMDBTC4;6DMDBT þ K3;30DMBPC3;30DMBP þ K4;6DM−th−DBTC4;6DM−th−DBT þ KMCHTCMCHT
ð6Þ
θ4;6DM−th−DBT ¼
K4;6DM−th−DBTC4;6DM−th−DBT
1þ K4;6DMDBTC4;6DMDBT þ K3;30DMBPC3;30DMBP þ K4;6DM−th−DBTC4;6DM−th−DBT þ KMCHTCMCHT
ð7Þ
θMCHT ¼
KMCHTCMCHT
1þ K4;6DMDBTC4;6DMDBT þ K3;30DMBPC3;30DMBP þ K4;6DM−th−DBTC4;6DM−th−DBT þ KMCHTCMCHT
: ð8Þ
The model describing the concentration of different compounds observed in the batch reactor is given as:
dCn
dt
¼
Xn
i
vnri; ð9Þ
with initial conditions:
Cn ¼ Cno; when t ¼ 0: ð10Þ
Kinetic parameters are estimated by minimizing a weighted objective function RSS (β), which includes the residual sum of squares of
the concentration of the different species:
RSS βð Þ ¼
Xnresp
n¼1
Wn
Xnresp
k¼1
Ck;n−C^k;n
 2
→
β1 ;β2 ; ::::::::;βn min ð11Þ
where β is optimal parameter vector, nexp is the number of independent experiments, nresp is the number of responses, Ck,n and Ĉk,n are the
n-th experimental and predicted responses, respectively for the k-th observation, and wn is the weight factor assigned to the n-th response.
The reactor model is described by a system of ordinary differential equations (ODEs), see Eqs. (1)–(10). The subroutine VODE was used to
solve the corresponding set of ODEs [36]. The initial minimization of the objective function (Eq. (11)) in the model regression is carried out
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[38]. This set of subroutines can perform either weighted orthogonal regression or nonlinear least squares for explicit and implicit models using
multi-response data with an implementation of the Levenberg-Marquardt method [39] obtaining an estimation of 95% confidence interval. The F-
test for the global significance of the regression as well as the individual t-test and the confidence limits for the estimates were computed. Apart
from this, the correlation between pairs of estimated parameters was accounted for by computing the so-called binary linear correlation coefficients
(ρij). When the value of ρij is close to ±1, a strong linear relationship between the estimated parameters i and j occurs.
2.4. Contribution analysis
A contribution analysis of the various reactions considered in the model is carried out. This methodology accounts for the effect of rate kinetic
coefficients, adsorption coefficients and reactant concentration since integral contribution factors are determined by using the predicted reaction
rates integrated over time. These factors allow quantifying the relative importance of the different reactions considered in our reaction scheme
and mechanism since these are used to develop our kinetic model presented in Section 2.3. The contribution factor is given as follows:
φi; j ¼
ri jX
i
ri j:
ð12Þ
The integral contribution factorφi,j of the elementary step i toward the appearance/disappearance of component j is defined as the ratio of the rate
of appearance/disappearance of j resulting from reaction i, rij to the total rate of appearance/disappearance of j inside the reactor.Fig. 2. Observations during the HDS of 4,6-DMDBT on Pt–Pd/γAl2O3 systems:
a) Conversion of 4,6-DMDBT as a function of time; and b) Concentration of reaction prod-
ucts integrated over time.3. Results and discussion
Section 3.1 discusses catalytic observation in terms of conversion
and concentration of the different components observed during the
HDS of 4,6-DMDBT on the evaluated catalytic systems. Section 3.2 pre-
sents the results of the kineticmodel in terms of an analysis of the fitted
catalytic observations and estimated parameters. Finally, Section 3.3
discusses the integral calculated contribution factors for the observed
compounds analyzing their role on the HYD and DDS pathways.
3.1. Evaluation analysis
Fig. 2 shows experimental results obtainedwhenmonometallic Pt/γ-
Al2O3 andPd/γ-Al2O3 systems and bimetallic Pt–Pd/γ-Al2O3 systems are
evaluated. Fig. 2a depicts observed conversion of 4,6-DMDBT as function
of time. As reported in literature [27,31,40], monometallic Pt/γ-Al2O3
system leads to a higher conversion than Pd/γ-Al2O3 system, but bime-
tallic Pt–Pd/γ-Al2O3 catalysts present a higher conversion than mono-
metallic ones. In bimetallic Pt–Pd/γ-Al2O3 systems, activity increases
as the contents of Pt increase, being the 8Pt–2Pd/γ-Al2O3 themost active
catalyst among the evaluated materials. Fig. 2b presents the concentra-
tion integrated over time of HDS reaction products (4,6-DM-th-DBT,
MCHT and 3,3′-DMBP) for the different Pt–Pd/γ-Al2O3 catalytic systems.
From these concentration trends, 4,6-DMDBT reacts essentially through
the HYD route producing 4,6-DM-th-DBT that in turns reacts to form
MCHT. As expected 4,6-DMDBT reacts in a minor way to produce 3,3′-
DMBP through DDS route because of steric hindrance caused by methyl
groups in this sulfurmolecule. As Pd content increases, hydrogenation of
4,6-DMDBT to 4,6-DM-th-DBT is favored over desulfurization of both
4,6-DM-th-DBT and 4,6-DMDBT that produceMCHT and 3,3′-DMBP, re-
spectively. The bimetallic Pt–Pd/γ-Al2O3 catalyst exhibits a higher selec-
tivity to desulfurize products than monometallic catalytic systems. In
fact, Pd/γ-Al2O3 system exhibits the highest production of 4,6-DM-th-
DBT but the lowest production of MCHT and 3,3′-DMBP. Further Pt/γ-
Al2O3 presents opposite results, avoring mainly desulfurization of 4,6-
DM-th-DBT and 4,6-DMDBT rather than hydrogenation of the latter
molecule. Among the bimetallic systems, the catalytic properties of the
8Pt–2Pd/γ-Al2O3 system prompted the highest desulfurization of 4,6-
DMDBT throughbothHYDandDDS routes. Thus, hydrogenation proper-
ties related to the greater dispersion of Pt and Pd in 8Pt–2Pd/γ-Al2O3
along with the alloy and electronic synergy in this catalytic system
[32] are fundamental aspects to improve Pt–Pd interaction and, hence,
desulfurization of 4,6-DMDBT. Besides, the lowest activity of the Pd/γ-
Al2O3 in comparison to Pt/γ-Al2O3 catalytic system is apparently related
to the decomposition of formed palladium hydride (PdbH) species and,
hence, to the poor dispersion of Pd on γ-Al2O3.
Table 2
Reaction mechanism for the HDS of 4,6-DMDBT on Pt–Pd/γ-Al2O3.
Step Mechanism based on LHHW formalism υ1 υ2 υ3
a 4, 6− DMDBT+ σ⇌ 4, 6− DMDBTσ 1 1 1
b H2 + 2β⇌ 2Hβ 2 2 5
1 4, 6− DMDBTσ+ 4Hβ⇌ 3, 3 '− DMBPσ+ 2β+ Hβ+ SHβ 1 0 0
2 4, 6− DMDBTσ+ 4Hβ⇌ 4, 6− DM− th− DBTσ+ 4β 0 1 1
3 4, 6− DM− th− DBTσ+ 6Hβ ⇌MCHTσ+ 4β+ Hβ+ SHβ 0 0 1
c 3, 3 '− DMBPσ⇌ 3, 3 '− DMBP+ σ 1 0 0
d 4, 6− DM− th− DBTσ⇌ 4, 6− DM− th− DBT+ σ1 0 1 1
e MCHTσ⇌MCHT+ σ 0 0 1
f Hβ+ SHβ ⇌ H2S+ 2β 1 0 1
RG1 4, 6− DMDBT+ 2H2⇌ 3, 3 '− DMBP+ H2S 1 0 0
RG2 4, 6− DMDBT+ 2H2⇌ 4, 6− DM− th− DBT 0 1 0
RG3 4, 6− DM− th− DBT+ 3H2 ⇌MCHT+ H2S 0 0 1
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Even though the models are developed for five Pt–Pd/γ-Al2O3
catalytic systems, the performances of Pt/γ-Al2O3, 8Pt–2Pd/γ-Al2O3
and Pd/γ-Al2O3 are analyzed in this study since these materials con-
tain information necessary to elucidate the kinetic role of the mono-
metallic and bimetallic studied noble metals. Fig. 3 depicts a
comparison between fitted and observed conversions and observed
concentration profiles of 4,6-DMDBT and reaction products (3,3′-
DMBP, MCHT and 4,6-DM-th-DBT) as a function of time during theFig. 3.Modelfit. (a) Conversion of 4,6-DMDBT as a function of time. Product concentration profil
Symbols represent observations and full lines the model fitting. In Figs. (b)–(d): (♦) C4,6-DMDBTHDS reaction on the aforementioned selected catalysts. The model
fits adequately the experimental observations. The estimated pa-
rameters are presented in Table 3. Both regression and parameters
are statistically significant according to: (a) the F-value obtained
(648–1162) compared to the F-value tabulated (3.01); (b) interval
of confidence of each parameter; and (c) linear correlation coeffi-
cients (ρij) are around±0.8 indicating a weak linear relationship be-
tween pair of estimated parameters. Therefore, a phenomenological
analysis of estimated parameters and kinetic expressions can be car-
ried out with reliability.es as function of time for: (b) Pt/γ-Al2O3, (c) 8Pt–2Pd/γ-Al2O3 and (d) Pd/γ-Al2O3 systems.
, (○) C3,3-DMBF, (■) C4,6-DM-th-DBT (•) CMCHT.
Table 3
Estimated kinetic parameters.
Parameter Pd/γ-Al2O 8Pt–2Pd/γ-Al2O3 Pt/γ-Al2O3
k1 (min−1)/10−5 1.7 ± 0.04 46 ± 1.9 27.5 ± 2.3
k2 (min−1)/10−4 2.6 ± 0.06 20.6 ± 0.72 11.6 ± 0.3
k3 (min−1)/10−3 1.9 ± 0.04 13.2 ± 0.73 24.1 ± 2.6
K4,6DMDBT (L/mmol)/10−5 5.4 ± 0.16 0.04 ± 0.01 48.7 ± 1.2
KMCHT (L/mmol)/10−1 7.2 ± 5.0 40.2 ± 8.1 33.7 ± 6.5
K3,3DMBP (L/mmol)/10−1 1.9 ± 0.61 2 ± 0.06 2.1 ± 0.06
K4,6DM-th-DBT (L/mmol)/10−1 1.2 ± 0.02 1.2 ± 0.06 1.3 ± 0.4
F-valuea 648 1109 1162
a Statistics: Ftab = 3.01 for 1− α= 0.95 with 10 degrees of freedom.
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is, strictly speaking, required to determine in quantitative terms the
relative importance of the various steps in the reaction scheme, see
Fig. 1, the magnitude order of the relative estimated kinetic parameters
can provide a preliminary idea of how HYD and DDS pathways occur
during the HDS of 4,6-DMDBT. As expected steric effect related to the
methyl groups of the 4,6-DMDBT leads mainly to the formation of 4,6-
DM-th-DBT via HYD route than to 3,3′-DMBP via DDS route, [5,17,41,
42], since the reaction rate coefficient k2 is larger than k1. Besides,
the catalyst activity to form MCHT (k3) is the highest one since
k3 N k2 N k1, indicating that once the 4,6-DM-th-DBT is formed its desul-
furization to MCHT is kinetically favorable as corroborated on the con-
tribution analysis further. On the other hand, adsorption constants
follow the next trend: KMCHT≫ K3,3′DMBP N K4,6-DMthDBT≫ K4,6-DMDBT.
These results are different to those reported for industrial catalysts
such as CoMo/γ-Al2O3 and/or NiMo/γ-Al2O3 systems wherein the 4,6-
DMDBT is the hydrocarbon with the highest affinity to be adsorbed on
the catalytic active phase, i.e., K4,6-DMDBT N KMCHT≈ K4,6DMthDBT≈ K3,3′
DMBF [17]. Therefore, the adsorption constants obtained for the Pt–Pd/
γ-Al2O3 systems suggest a strong affinity of MCHT on σ active sites,
inhibiting after a period of reaction time when its concentration is
highly considerable both in HYD and DDS reaction pathways. In fact it
is observed on catalyst evaluation that after 500 min of reaction, a
pseudo stationary state is identified even when there is a high concen-
tration of 4,6-DMDBT to be consumed on the reaction atmosphere, a
result that is not observed when industrial catalysts are evaluated,
where total conversion of 4,6-DMDBT is achieved at similar operating
conditions [5,17,43].
To facilitate the comparison of kinetic performances of noblemetals,
namely Pt/γ-Al2O3, 8Pt–2Pd/γ-Al2O3 and Pd/γ-Al2O3 catalysts, relative
kinetic parameters referenced to catalyst Pd/γ-Al2O3 have been calcu-
lated via information presented in Table 3. Furthermore, relative param-
eters for Pt/γ-Al2O3, 8Pt–2Pd/γ-Al2O3 and Pd/γ-Al2O3 systems are
presented in Table 4. The analysis of these parameters allows to eluci-
date the kinetic effect of each of the noble metals on the HDS of 4,6-
DMDBT, which has roughly been discussed from the qualitative analysis
of the raw experimental data in the previous section. Relative reaction
rate coefficients related to hydrogenation of 4,6-DMDBT via HYD route
(k1/k1ref) and desulfurization of 4,6-DMDBT via DDS route (k2/k2ref),Table 4
Relative kinetic parameters referenced to Pd/γ-Al2O3 catalytic system.
Parameter Pd/γ-Al2O 8Pt–2Pd/γ-Al2O3 Pt/γ-Al2O3
k1/k1,cat1 1.0 27.0 16.1
k2/k2,cat1 1.0 7.9 4.5
k3/k3,cat1 1.0 6.8 12.5
K4,6DMDBT/K4,6DMDBT,cat1 1.0 0.01 9.0
KMCHT/KMCHT,cat1 1.0 5.6 4.6
K3,3DMBP/K3,3DMBP,cat1 1.0 1.1 1.1
K4,6DM-th-DBT/K4,6DM-th-DBT,cat1 1.0 1.0 1.1show that 8Pt–2Pd/γ-Al2O3 system favors the reaction of 4,6-DMDBT
via HYD and DDS routes since this material presents the highest activity
in terms of the relative coefficients obtaining values of k1/k1ref = 27 and
k2/k2ref = 7.9. Pt/γ-Al2O3 system presents a moderate activity,
obtaining values of k1/k1ref = 16.1 and k2/k2ref = 4.5 while Pd/γ-Al2O3
system presents the lowest activity, being the referenced catalyst,
i.e., k1/k1ref = 1 and k2/k2ref = 1. Nevertheless, the Pt/γ-Al2O3 catalyst
shows the highest activity to desulfurize 4,6-DM-th-DBT to MCHT,
obtaining a value of k3/k3ref = 12.5. 8Pt–2Pd/γ-Al2O3 and Pd/γ-Al2O3
systems present values of k3/k3ref = 6.8 and k3/k3ref = 1, respectively.
On the other hand, the relative constants of adsorption (Ki/Kiref) indicate
that 3,3-′DMBP and 4,6-DM-th-DBT have similar affinity to be adsorbed
on active sites σ from the three studied catalytic systems. MCHT
presents similar affinity to be adsorbed on catalytic systems presenting
Pt, being higher than on those systems presenting Pd on active phase;
and the adsorption of 4,6-DMDBT is totally different in the evaluated
catalytic systems, obtaining the highest affinity to be adsorbed on the
catalytic site σ from Pt/γ-Al2O3 system and the lowest affinity on active
sites σ from 8Pt–2Pd/γ-Al2O3 system.3.3. Contribution analysis
Integral contribution factors are determined by using the reaction
rates integrated over time through Eq. (12) allowing to quantify the
importance of each of the global reaction steps. As stated above, contri-
bution factors do account for the effects of both kinetic and adsorption
parameters and reactant concentration. Table 5 presents integrated
reaction rates and contribution factors obtained for three catalytic
systems: Pt/γ-Al2O3, 8Pt–2Pd/γ-Al2O3 and Pd/γ-Al2O3, considered as
references to infer kinetic information of the noble metals and their
interaction on the HDS of 4,6-DMDBT. An analysis of reaction rates
points out that Pd/γ-Al2O3 system favors reactions in HYD route and
Pt/γ-Al2O3 system favors reactions in DDS route. Besides, the synergy
of noble metals elucidated in 8Pt–2Pd/γ-Al2O3 system shows prefer-
ence for both DDS and HYD routes.
Besides, the contribution analysis indicates the following findings:
(a) when Pd/γ-Al2O3 system is evaluated hydrogenation of 4,6-
DMDBT to 4,6-DM-th-DBT (φ= 89%) via HYD route is favored in com-
parison to its desulfurization to 3,3′-DMBP (φ= 11%) via DDS route;
(b) Pt/γ-Al2O3 system presents opposite results being the desulfuriza-
tion of 4,6-DMDBT (φ= 96%) via DDS route preferred with respect to
its hydrogenation to 4,6-DM-th-DBT (φ= 4%) via HYD route. The elec-
tronic synergy and greater dispersion of these noble metals in the best
catalytic system (8Pt–2Pd/γ-Al2O3) lead to selectively favor both the
hydrogenation of 4,6-DMDBT to 4,6-DM-th-DBT (φ = 64%) via HYD
route and its desulfurization to 3,3′-DMBP (φ = 32%) via DDS route
compared to those monometallic systems as apparently observed
from the reaction rate values integrated over time, see Table 5. Integral
contribution factors also provide information on the desulfurization of
4,6-DM-th-DBT to MCHT via HYD route, wherein the largest contribu-
tion factors are for those catalysts containing Pt in their active phase,
8Pt–2Pd/γ-Al2O3 (φ= 68%) and Pt/γ-Al2O3 (φ= 99%) systems, withTable 5
Reaction rates integrated over time and integral contribution factors.
Parameter Pd/γ-Al2O3 8Pt–2Pd/γ-Al2O3 Pt/γ-Al2O
R4,6-DMDBT, HYD
mmol/(kg of cat s)/10−1
1.38 2.56 0.05
R4,6DMDBT,DDS
mmol/(kg of cat s)/10−1
0.17 1.47 1.35
R4,6-DMDBT, HYD/R4,6-DMDBT, DDS 8.10 1.74 0.04
φ4,6 − DMDBT,1 11 36 96
φ4,6 − DMDBT,2 89 64 4
φ4,6 − DMthDBT,2 59 32 1
φ4,6 − DMthDBT,3 41 68 99
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favors the desulfurization of 4,6-DM-th-DBT. This is in agreement with
the catalyst evaluation: catalysts containing a higher concentration of
Pd lead to higher productions of 4,6-DM-th-DBT compared to those
observed for 3,3-′DMBP and MCHT, see Fig. 2b, whereas catalysts
containing a higher concentration of Pt cause a higher production of
3,3-′DMBP and MCHT compared to the production of 4,6-DM-th-DBT.
4. Conclusions
Compared to the studies reported in literature for Pt–Pd systems on
catalyst performance during the HDS of a-DBTs, the kinetic modeling
and contribution analysis carried out in this work allow to identify the
main character of Pt and Pd in both hydrogenation and desulfurization
reactions from HYD and DDS pathways. The main findings are summa-
rized as follows: (1) 4,6-DMDBT is the hydrocarbon with the lowest
affinity to be adsorbed on active sites whereas MCHT, once produced
via the desulfurization of 4,6-DM-th-DBT, is the hydrocarbon with the
highest affinity to be adsorbed on active sites; (2) Pd essentially favors
hydrogenation of 4,6-DMDBT to 4,6-DM-th-DBT, whereas Pt favors
desulfurization reactions to produce MCHT via HYD route and 3,3-′
DMBP via DDS route. These results become relevant since they, along
with catalyst characterization, are the basis to propose a new catalyst
design using noble metals for deep HDS in future investigations.
Nomenclature
Roman letters
av specific external surface area, m2·m−3
Cn concentration of component n, mmol·kg−1
kn reaction rate coefficient, h−1
Kn adsorption equilibrium coefficient for component n, Pa−1
rn reaction rate of reaction n, mmol·(m3·h−1)
Rg universal gas constant, kJ·(mol·K)−1
Rn net reaction rate of the component n, mmol·(g·h)−1
RSS objective function
wn objective function weight factor of each response
W mass of catalyst, g
Greek letters
βi vector of parameters accounted for in the objective function
θσ fraction coverage of vacant sites
θn fraction coverage of component n
φi,j integral contribution factor of the elementary step i toward
the appearance/disappearance of component j
β, σ active sites on LHHWmechanism
ρ density, kg·m3
νi Horiuti number in Table 2
Subscripts
exp experiment
f fluid
g gas phase
hc hydrocarbon
n component n
obs observed
p particle
r response
ref reference
s surfaceSuperscripts
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